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Tau protein aggregation is a defining characteristic of Alzheimer’s disease (AD), leading to the formation of
neurofibrillary tangles that disrupt neural communication and ultimately result in cognitive decline. Nano-
technology presents novel strategies for both diagnosing and treating Alzheimer’s disease. Nanotechnology. It
has become a revolutionary tool in the fight against Alzheimer’s disease, particularly in addressing the patho-
logical accumulation of tau protein. This review explores the relationship between tau-related neurophysiology

and the utilization of nanotechnology for AD treatment, focusing on the application of nanomaterials to regulate
tau phosphorylation, hinder tau aggregation and propagation, stabilize microtubules, eliminate pathological tau
and emphasize the potential of nanotechnology in developing personalized therapies and monitoring treatment
responses in AD patients. This review combines tau-related neurophysiology with nanotechnology to provide
new insights for further understanding and treating Alzheimer’s disease.

1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative disease,
is caused by the accumulation of aberrant protein aggregates in the
brain. Notably, the tau protein occupies a prominent position among
these aggregates, assuming the role of a pivotal participant within the
intricate tapestry of the disease’s pathophysiology [1]. Besides AD, tau
aggregates have been detected in more than 20 distinct neurodegener-
ative conditions collectively called “tauopathies” [2]. With AD as the
outlier, the majority of these disorders manifest without amyloid accu-
mulation, and a significant proportion are linked to tau mutations [3].
These observations strongly imply that the impairment of tau function
and/or the aggregation of tangles contribute to the pathogenesis of these
diseases as this inquiry delves into the multifaceted functions attributed
to tau in the context of Alzheimer’s, a more lucid representation mate-
rializes, elucidating its integral contributions to the continuum of dis-
ease advancement. Therefore, Tau is receiving increasing attention as a
potential alternative therapeutic target [4].The FDA has not approved
any drugs targeting Tau, and some drugs are undergoing clinical trials
[5]. Their objectives include inhibiting the hyperphosphorylation of Tau
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[6], promoting the degradation of Tau, preventing the aggregation of
Tau, and improving cerebral blood circulation. Researchers are also
exploring and attempting immunotherapy to address the issues related
to Tau protein [7]. Pharmaceutical interventions for Alzheimer’s and
other neurodegenerative disorders face several challenges. These
include the necessity for high drug doses, which can lead to safety
concerns, the drugs’ difficulty in crossing the blood-brain barrier to
reach the intended target, and the frequent interruption of treatment
due to these limitations [8]. The application of nanotechnology offers
significant potential to mitigate these issues. Nanoparticles play a
crucial role in reducing drug toxicity through their capacity to enable
the controlled release of therapeutic agents at specific target sites [9].
Moreover, their capacity to traverse the blood-brain barrier allows for
the diagnostic and therapeutic application of nanoparticles in neuro-
logical disorders. The precise and efficient delivery of medications to
specific targets at the appropriate time, achieved through
nanotechnology-based drug delivery systems, continues to represent a
significant scientific and therapeutic benchmark.

Nanotechnology is a rapidly growing field that involves manipu-
lating and engineering nanoscale materials and devices, ranging
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between 1 and 100 nm. This technology can potentially revolutionize
various sectors, such as energy, electronics, materials science, and
medicine. One of the most promising applications of nanotechnology is
in medicine. Nano-sized particles and devices can be engineered to
specifically target diseased cells, delivering drugs or other therapeutic
agents directly to the disease site [10]. These nanoparticles (NPs) can
also be used for imaging, diagnosis, and monitoring of diseases, enabling
early treatment [11]. Thus, it provides a new arsenal of tools to combat
tau protein aggregation [12]. By using nanoparticle-based drug delivery
systems, medications can be precisely targeted to affected areas,
reducing side effects and maximizing therapeutic effectiveness. This
targeted approach holds immense promise in halting disease progression
and preserving cognitive function [13]. This review explores the po-
tential of utilizing various NPs in detecting and treating AD through
different methods. By introducing the application of NPs, we hope to
shed light on the disease process and open up new research avenues for
the future as shown in Fig. 1.

2. The tau protein
2.1. Structure and function

The tau protein, first discovered in the 1970s, is a highly abundant
neuronal protein that predominantly localizes to axons [14]. It has a
crucial role in maintaining the structural integrity of neurons and
regulating microtubule dynamics, which are essential for intracellular
transport, neuronal development, and synaptic function.

The MAPT encodes the tau protein, and through alternative splicing,
a process that involves 8 out of the total 16 exons, a spectrum of 6 iso-
forms emerges in the central nervous system (CNS), complemented by
an additional 6 isoforms in the peripheral nervous system (PNS) [15].
These isoforms exhibit varying molecular weights, ranging from 58 kDa
to 66 kDa, with a singular isoform of 110 kDa also present [16,17].
Comprising four distinct primary domains as shown in Fig. 2, the tau
protein’s destiny is sculpted by alternative splicing, particularly within
the N-terminal projection region and the microtubule-binding domain
(MBD). This process yields two prominent isoforms: the 3-repeat (3 R)
and the 4-repeat (4 R) tau. In the symphony of the adult human brain,
the two isoforms harmonize in a balanced 1:1 ratio. Notably, the 3 R tau
assumes prominence during development. In contrast, the 4 R tau takes
the lead during adulthood [18]. Distinguished by their capabilities, the
4 R tau shines with heightened proficiency in shepherding microtubule
assembly, a fact that surpasses the abilities of 3 R tau [19,20]. Pertur-
bations in the equilibrium between the 3 R and 4 R tau isoforms have
been linked to AD and other tauopathies, subjects extensively explored
in comprehensive reviews [21].

Tau stabilizes microtubules by binding and promoting microtubule
assembly [22]. This interaction ensures the proper organization of mi-
crotubules and facilitates axonal transport. In addition to its role in
microtubule stabilization, tau participates in synaptic plasticity and
signal transduction [23,24].

2.2. Post-translational modifications

Tau undergoes post-translational modifications, including phos-
phorylation [25], acetylation, glycation, and truncation. Phosphoryla-
tion is the most extensively studied modification and is critical in tau’s
function and dysfunction [26]. Tau phosphorylation holds significant
implications in AD and has undergone extensive investigation [27,28].
This is primarily because neurofibrillary tangles (NFTs) extracted from
AD-afflicted brains are rich in heavily phosphorylated tau variants. The
biochemical analysis of tau phosphorylation, particularly at sites linked
to the disease, indicates that phosphorylation decreases tau’s ability to
combine microtubules [29,30]. Furthermore, it prompts tau to
self-assemble and become tangles and filaments, causing the charge and
structure of the MBD to change [31]. Mass spectrometry assessment of

Materials Today Bio 27 (2024) 101145

tau has identified many pathological phosphorylation sites have been
identified [32]. Up to now, roughly 45 of the 85 potential phosphory-
lation sites within tau have been identified. Many of those exhibit
varying phosphorylation in brains affected by frontotemporal dementia
(FTD), or AD but not in healthy controls [33,34].

2.3. Pathological aggregation and propagation

Tauopathies are characterized by the accumulation of abnormal tau
aggregates in the brain. AD is the most prevalent tauopathy; tau ag-
gregates and amyloid-beta plaques are hallmarks of AD pathology. FTD
is another major tauopathy where tau aggregation leads to neuronal
dysfunction and cell loss in the frontal and temporal lobes [35,36]. It is
still unclear whether the detrimental components involve insoluble ag-
gregates, pre-fibril soluble tau oligomers, fragments derived from
pre-existing aggregates, or the transformation of soluble tau into ag-
gregates. The prolonged period of cognitive deterioration in Alzheimer’s
disease emphasizes a slow, cumulative toxic mechanism. Similarly, the
formation of initial aggregates exhibits gradual progression, with sub-
sequent fragmentation significantly expediting the creation of addi-
tional aggregates [37].

Tau can spread throughout the brain in a prion-like manner,
including cellular absorption, template seeding, secretion, and cell
movement through synaptic and non-synaptic routes [38,39], propa-
gating pathological changes from cell to cell [40].The tau’s propagation
can be segmented into 3 stages: (1) An abnormal tau variant is released
into the extracellular space by the donor cell; (2) The aberrant tau out of
a cell is taken up by the next cells; (3) The pathological tau assimilated
by recipient cells to become new intracellular aggregates [41]. Many of
researches both in vitro and in vivo have elucidated neurons how release
and internalize tau, providing insights into the dissemination of
tau-related disorder in Alzheimer’s disease.

The tau protein’s vital key in keeping neuronal function and struc-
ture is well-established. However, its involvement in neurodegenerative
diseases highlights the need for a deeper understanding of its complex
biology and the development of effective therapeutic interventions. In
conclusion, the tau protein’s multifaceted functions and implications in
neurodegenerative disorders make it a subject of intense research. Ad-
vances in our understanding of tau biology could potentially lead to
breakthroughs in treating tauopathies and making individuals affected
by these debilitating conditions have a better quality of life.

3. Tau immunization

Tau protein misfolding and aggregation are hallmark features of AD
progression. Tau immunization aims to stimulate the immune system to
recognize and target these pathological tau aggregates. By generating
antibodies against tau, this approach seeks to prevent or clear tau ag-
gregates from the brain, potentially halting or slowing down disease
progression [42,43]. Preclinical investigations utilizing diverse animal
models have substantiated the feasibility and efficacy of tau immuni-
zation [44]. These studies have collectively demonstrated the amelio-
ration of tau pathology, concomitant with improvements in cognitive
function and the preservation of neuronal integrity post-immunization.
Encouragingly, select experimental vaccines have transitioned into
nascent-phase clinical trials, engendering insight into their safety profile
and potential therapeutic impact on human subjects [45].

3.1. Active immunization

Active immunization involves providing the body with target pro-
teins and adjuvants to stimulate the body’s immune response. Active
immunization prompts the body to generate antibodies spontaneously,
usually leading to a long-lasting effect. Here, two reported vaccines are
introduced. The first one, AADvacl, has its antigenic epitope selected
from monoclonal antibody DC8ES8 in vitro experiments [46]. It primarily
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Fig. 1. Tau pathology and nanotechnology applications (a) Pathology of Alzheimer’s disease in a healthy brain, tau proteins stabilize the microtubules, which are
responsible for keeping the structure and function of nerve cells. In AD, tau proteins become abnormal and begin to accumulate in the brain. This accumulation
results in the formation of NFTs. (b) The application of nanotechnology in treating tau pathology in Alzheimer’s disease includes regulating tau phosphorylation,
inhibiting tau aggregation and diffusion, stabilizing microtubules, and promoting tau clearance. Created with BioRender.com.
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Fig. 2. The structure and isoforms of tau. (a) Domains of 2N4R tau. The structure of Tau protein consists of an N-terminal domain, alkaline proline-rich region,
microtubule binding region, and C-terminal domain. (b) The isoforms of tau. The Tau protein can be cleaved to form six mRNA combinations and ultimately

translated into six protein isomers.

targets the mutual lease of Tau proteins in the human body. Immunizing
Tau transgenic rat AD models with this vaccine reduces levels of both
early and late pathological forms of Tau [47]. Furthermore, significant
improvements are observed in behavioral tests. Following successful
outcomes in animal models, Austrian researchers conducted a 12-week
Phase I clinical trial, which evaluated the vaccine’s safety in humans
for the first time. Clinical trial results showed that AADvacl exhibits
good safety and immunogenicity. However, this vaccine’s Phase II
clinical trial results are still pending. The other vaccine, ACI-35, is
lipid-based and contains 16 synthetic copies of Tau fragments phos-
phorylated at protein pathology residues S396 and S404 [48]. Preclin-
ical trials conducted on Tau-P301L mice receiving long-term vaccine
administration did not exhibit adverse symptoms such as inflammation,
and their lifespan was increased post-vaccination [49]. Currently, safety
trials for this vaccine in humans are ongoing.

3.2. Passive immunization

Passive immunity is safer than active immunity because it doesn’t
require the patient to generate antibodies themselves, shortening the
immune response time and reducing the risk of adverse immune re-
actions. Passive immunity also provides higher specificity for target
epitopes. Adjusting treatment plans based on disease stage becomes
feasible due to the changing distribution of antigenic determinants with
disease progression. In Tau immunotherapy, anti-Tau antibodies pene-
trate the brain, bind with intraneuronal lysosomal markers, and hinder
pathological Tau propagation. However, intracellularly targeting Tau
might be more effective against pathological proteins, as most are inside
cells.

BMS-986168 is a humanized IgG4 monoclonal antibody that targets
N-terminal fragments of Tau (eTau) that come from pluripotent stem
cells of familial Alzheimer’s disease patients [50]. When added to
neuronal cultures, these fragments lead to hyperactivity and increased
amyloid beta (Ap) production. BMS-986168 significantly reduces Tau
and AP levels in animal tissue interstitial fluid and exhibits safety and
tolerability in human trials. Ongoing clinical trials involve other

relevant patients [51]. ABBV-8E12, a humanized 1gG4 monoclonal
antibody, targets amino acids 25-30 of extracellular Tau, inhibiting
exogenous Tau aggregation into NFTs. In animal tests, brain-injected
ABBV-8E12 reduces Tau aggregation and hyperphosphorylation,
enhancing cognitive levels in mice. Results of ongoing human trials are
pending [52,53]. Similar antibodies include RG7345, a humanized
monoclonal antibody targeting Tau phosphorylation site S422 promi-
nent in neuronal dendrites [54]. Tau phosphorylation at this site is
pathological. RO7105705, an 1gG4 anti-Tau antibody, primarily targets
extracellular Tau, potentially curbing microglial activation and allevi-
ating AD-related inflammation [55]. BIIBO76 binds monomeric and
preformed Tau fibrils and human brain Tau. UCB0107, a monoclonal
antibody under testing in PSP patients, targets amino acids 235-246 of
tau [56].

Tau immunity, as a promising scientific approach, has emerged in
ongoing explorations, and nanotechnology, as an emerging technology,
has provided new insights and methods for regulating tau immunity.
Utilizing nanotechnology for vaccine delivery, nanocarriers can enhance
the stability and specificity of vaccines, effectively delivering tau protein
vaccines to the immune system, activating the body’s immune response,
and promoting the recognition and clearance of tau protein. Nano-
technology can also modulate the immune system response, enhancing
immune cell recognition and clearance capabilities for tau protein. By
designing appropriate nanoparticles or nanomaterials, immune cell ac-
tivity and function can be regulated, improving the efficacy of immune
therapy. Nanotechnology shows high feasibility in regulating Tau im-
munity, offering innovative solutions to address the therapeutic chal-
lenges of Tau protein-related diseases, and unlocking the mysteries of
AD. Despite facing various challenges, progress in tauopathies,
designing immune frameworks, and transitioning to clinical evaluation
indicates this is a continuously evolving frontier field. Future research
should further explore the application of nanotechnology in personal-
ized therapy, improving brain penetration, clinical trial validation, and
multidisciplinary collaboration, advancing the widespread application
of nanotechnology in regulating Tau immunity.
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4. The application of nanotechnology
4.1. Nanotechnology in modulating tau phosphorylation

Although the tau protein is subject to an array of post-translational
modifications, including glycosylation and non-enzymatic glycation,
phosphorylation emerges as the predominant modification. Tau is
characterized as a protein that is extensively phosphorylated, and the
extent of its phosphorylation is essential for regulating its biological
functions. Research indicates that roughly 30 distinct sites within the tau
protein undergo phosphorylation under normal circumstances. A sub-
stantial proportion of these phosphorylation sites are situated on serine
and threonine residues close to proline, with 17 such sites incorporated
into the longest tau isoform detected in the human brain [57]. Tau
phosphorylation is crucial for regulating its normal functions, such as
maintaining microtubule stability, as well as its participation in patho-
logical processes that lead to the formation of neuronal filaments asso-
ciated with neurodegenerative diseases. Several therapeutic strategies
have been proposed to target the hyperphosphorylation of tau protein in
AD, including tau kinase inhibitors, tau phosphatase activators, and
gene therapy utilizing small interfering RNA (siRNA) technology. These
strategies aim to modulate the phosphorylation state of tau, thereby
preventing the formation of neurofibrillary tangles and improving
cognitive function.

Gene therapy using siRNA can specifically silence target genes,
thereby inhibiting the production of phosphorylated Tau (p-Tau).
However, due to enzymatic degradation and immune clearance, nucleic
acid drugs are often characterized by poor bioavailability. Nanocarriers
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have emerged as a solution to overcome this challenge by creating a
protective environment for nucleic acid drugs, safeguarding them from
deactivation during circulation in the body. Therefore, nucleic acid drug
delivery systems based on nanocarriers have made significant ad-
vancements in recent years [58]. For example, gene drugs LRSGAR were
developed by encapsulating siGSK-3p and bovine serum albumin within
two-dimensional magnesium/aluminum nanoparticles modified with
targeting peptides. The nanomedicine utilizes the widely used nano-
targeted delivery platform, layered double hydroxide nanoparticles
(LDH NP), which can efficiently load various proteins and peptides [59].
The LDH NP surface is modified with low-density lipoprotein receptor 1
(LRP1) ligand angiotensin II (Ang2) and nicotinic acetylcholine receptor
(nAChR) ligand rabies virus glycoprotein 29 (RVG29) [60].The Ang2 on
the surface of the nanoparticles can interact with LRP1 to enable the
nanomedicine to cross the blood-brain barrier, and LRP1 further targets
neurons through nAChR mediated by RVG29. Administration of LRSGAR
via intravenous injection notably decreased GSK3p mRNA levels in the
hippocampus and cortex of P301S AD mice, resulting in a reduction in
p-Tau accumulation in the brain, as illustrated in Fig. 3 [61].

During the phosphorylation process of Tau, various kinases, such as
glycogen synthase kinase 3p (GSK3p), cyclin-dependent kinase 5 (cdk5),
and c-Jun N-terminal kinase (JNK), all play roles, with each kinase
associated with specific phosphorylation sites [62]. Among these ki-
nases, GSK3p is the key player in phosphorylation and serves as a pri-
mary target for inhibiting Tau phosphorylation. Several inhibitors
targeting GSK3p have been developed and utilized in brain-targeted
delivery systems. For example, Ji et al. designed chondroitin sulfate
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Fig. 3. Therapeutic mechanism of LRSAR nanomedicine. In neuronal cells, the endosome escape of siBACE1 or siGSK3p in LRsAR nanomedicine can downregulate
the expression of BACE1 or GSK3p, reduce the production of Ap or the hyperphosphorylation of Tau, while releasing rutin to rescue mitochondrial function and

decrease ROS. Created with BioRender.com.
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dephosphorylation by regulating the activation of GSK3p. CS@Se can
weaken the hyperphosphorylation of tau by adjusting GSK3f's expres-
sion, inhibiting the Ser396 and Ser404 sites on the tau protein, and
reducing the p-tau levels in AD mice by 50 %. Furthermore, CS@Se
activates the extracellular signal-regulated kinase 1/2 (ERK 1/2) and
p38 mitogen-activated protein kinase (p38 MAPK) pathways, suppresses
nuclear factor-kB (NF-xB) translocation, and regulates the expression of
pro-inflammatory cytokines [11].

Compared to kinases, the number of phosphatases involved in tau
dephosphorylation is relatively limited. Protein phosphatase 2 A (PP2A)
is the primary tau phosphatase class responsible for 70 % of tau phos-
phatase activity, making it a key target for dysregulation intervention
[63]. Sodium selenate (VELO15) has effectively reduced tau phosphor-
ylation levels in both laboratory and in vivo settings. As a targeted
activator for PP2A, it can reinforce the PP2A-tau protein complexes
[64]. In another study, the author has developed a method to remove
excessive phosphorylation of endogenous tau protein. This method is
called PhosTAC (Phosphorylation-Targeting Chimera) technology.
Through this method, a small molecule PhosTAC was designed to
facilitate the development of a stable ternary complex between endog-
enous tau and the dephosphorylating enzyme PP2A, leading to rapid,
efficient, and sustained dephosphorylation of tau, as depicted in Fig. 4.
The authors utilized small-molecule PhosTACs to recruit tau to PP2A, a
natural tau phosphatase, resulting in the formation of stable ternary
complexes and subsequent effective dephosphorylation of tau. This
process enhanced tau protein degradation, as confirmed by mass spec-
trometry data indicating the downregulation of multiple phosphoryla-
tion sites on tau [65].
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The excessive phosphorylation of tau protein is a key factor in the
development of Alzheimer’s disease, making the targeting of this process
a promising therapeutic approach for combating the disease. With ad-
vancements in our comprehension of the mechanisms behind tau
phosphorylation, we anticipate the emergence of increasingly precise
and potent therapies for AD in the coming years.

4.2. Nanotechnology in inhibiting tau aggregation

The formation of intracellular Tau aggregates is facilitated by the
microtubule-binding domain, which interacts with sites Ser214 and
Glu372 [66]. The MBD tightly binds to microtubules and facilitates the
assembly of microtubule dimers. Within the third repeat sequence lies a
hexapeptide motif VQIVYK essential for generating protofilaments [67].
This motif, along with the VQIINK hexapeptide motif, promotes the
formation of f-sheet structures necessary for Tau aggregation [68].
Disruption of the local structure surrounding VQIVYK due to mutations
in the FTD domain of Tau protein can lead to spontaneous aggregation
[69]. In response to these characteristics, researchers have developed a
novel intracellular pathological tau protein-targeting nanoparticle
chaperone (Tau-nChap) that can be used as a potential therapy for AD.
This nanoparticle chaperone is engineered with the VQIINK hexapeptide
from tau protein on the surface of self-assembled micelles containing
hydrophobic domains and confined spaces akin to chaperones.
Tau-nChap leverages its lysosome-responsive surface to escape lyso-
somes and enter the cytoplasm, addressing the challenge of intracellular
tau protein localization. Once inside the cell, Tau-nChap selectively
captures pathological tau proteins without disrupting the normal

HaloTrap
a @ b Input  pull down
D 77F D 7 7F
) 150 — o
Tau protein e - - -
100—| o o 4 g Total Tau
75— E = |. (Tau-13)
FKBP12
- 75| - —— - (PP2AA)
/ \ Phosphatase 5
PP2AC
i 37—
® 4@ _ eee -
Neurofibrillary m—
Tau tangle Dox (2 ug L")
S dephosphorylation
c d Dox (2 g L")
2 g PhosTACT PhosTACTF PhosTACT+0A
3 E 0s 1 05 1 05 1 )
Dox (2 g ml ") et e A e ]
§ 150 - —--—-.-nv----
s 3 ProstACT ProsTACTF [
8 ! 02 os 1 0 os 1 (M) 100= —— - - " . 2 7 " PID Ton
i I W 75—
150 = D ED oo ww = - n a» s e o
100 - - . sedlaa ™ 150— - . e e e e D0 WS
™ -
100 (PspTpeepepspeeer-T- 1 1 Bk~
"= - - - - - - ™
100 — - -~ 37— | i gt v vl v A A e e i e i | GAPOH
75 - B e T TrTrTrrTL) 2 o pT231 o pTiBY
4| N > ‘i TET | w——— - - —————— — “::;‘:)
2e [ 5 150 e ——— T T ]
150 = L L. L L ] 3 pT181 Tau
i PTI81 Tau go.-. 100- pragen = o - - == oo
7% - i 75—
= 00
L T I ——— - ———— —— - § £ 025 05 1 025 05 1 (M) 150— —— . e - ——
100 e e e e e e ";"_:“,"' § PhosTACT PhosTACTF Totsi Tau
75 - - - e o e e g 100— T T T L L T L N e
5| we - ————] e €=

Fig. 4. PhosTAC-Induced Tau Dephosphorylation in a PP2A-Dependent Manner. (a) Therapeutic mechanism of PhosTAC. (b) PhosTAC-induced stable ternary
complex with tau and PP2A. (c) PhosTAC7 but not the inactive PhosTAC7F induced tau dephosphorylation. (d) PhosTAC7-induced tau dephosphorylation via

PP2A [65].



R. Ma et al.

functions of tau protein. This selective binding is achieved through the
synergistic action of the tau protein recognition peptide VQIINK and the
confined hydrophobic domains on the surface, effectively preventing tau
protein aggregation [70]. Ultimately, this pathological tau
protein-targeting nanoparticle chaperone demonstrates the potential to
reduce neuronal toxicity associated with tau proteins, thereby amelio-
rating cognitive impairment in AD model mice. This customized tau
protein nanoparticle chaperone presents a promising strategy for the
targeted treatment of AD and provides insights into addressing other
neurodegenerative diseases caused by specific pathogenic proteins, such
as Parkinson’s disease and Huntington’s disease.

Additionally, various nanomaterials have shown the ability to
modulate tau aggregation. Nanomaterials with hydrophobic surfaces
have been found to interact with PHF6, leading to significantly
enhanced regulatory effects due to the large surface area of interaction.
Scientists have developed a biomimetic nanoparticle chaperone utilizing
a composite shell-crosslinked polymer micelle, presenting a novel
therapy targeting tau proteins in Alzheimer’s disease, as illustrated in
Fig. 5. The surface of this nanoparticle chaperone contains phase-
separated domains resembling natural molecular chaperones, which
not only effectively bind to PHF6 to impede its aggregation and prevent
the internalization of PHF6 species into neurons but also facilitate the
proteasomal degradation of PHF6 aggregates. This process ultimately
leads to a significant reduction in neuronal toxicity caused by PHF6
[71]. This biomimetic nanoparticle chaperone provides a new approach
for treating Alzheimer’s disease by targeting tau protein aggregation.

Methylene blue (MB) is a small molecule inhibitor of tau aggrega-
tion, and researchers have designed and synthesized an H202-
responsive multifunctional nanocomposite UCNPs@mSiO2-
MB@AuNPs (abbreviated as USMA). This material releases gold nano-
particles (AuNPs) and the small molecule inhibitor MB upon H202
stimulation, inhibiting the aggregation of Af and Tau, thus exploring an
efficient treatment for AD [72]. It is important to note that the material
is traceable, allowing for the monitoring of methylene blue release
through its up-conversion fluorescence, which offers insights into the
methylene blue content in the lesion area. Significantly, USMA dem-
onstrates the ability to effectively mitigate the cytotoxicity resulting
from AP and Tau aggregation.

In summary, nanotechnology for inhibiting tau aggregation holds
great promise in AD treatment, offering a wide range of applications and
research directions. These technologies are expected to improve the
delivery and efficacy of existing drugs and enable the development of
new treatment approaches.
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4.3. Nanotechnology in inhibiting tau propagation and stabilizing
microtubules

Research in tau transgenic mice has clearly illustrated the trans-
mission of tau pathology from one brain region to another [38].
Injecting tau oligomers derived from AD patients into the hippocampus
of wild-type mice has been shown to induce memory deficits and lead to
the spread of phosphorylated Tau to various brain regions, such as the
cortex, corpus callosum, and hypothalamus [73]. The precise mecha-
nisms underlying the inter-neuronal movement of tau protein remain
incompletely understood. Recent investigations have started to delve
into potential pathways, including exosome release, synaptic trans-
mission, and prion-like propagation of tau protein, highlighting the
long-distance dissemination of toxic tau aggregates and the initiation of
similar aggregates in remote brain areas. In response to these spreading
mechanisms, scientists have sought to combat Alzheimer’s disease by
impeding the spread of tau protein. A novel tau-targeted therapy for AD
has been developed in the form of a multifunctional nanoinhibitor [74].
This NanoTLK is crafted as a small-sized particle with a hydrophobic
core comprising poly(e-caprolactone) (PCL) and a hydrophilic shell
composed of poly(ethylene glycol) (PEG). The surface of the nano-
container is uniformly coated with tau-binding peptides, specifically
(D)-TLKIVW (TLK). The TLK peptides on the nanocontainer’s surface can
bind to tau aggregates, which contain the specific motif VQIVYK as
shown in Fig. 6. This specific binding allows the nanocontainer to effi-
ciently intercept the propagation of tau aggregates and mitigate the
neuronal toxicity caused by tau aggregation. Additionally, the nano-
container’s interaction with tau can promote the enzymatic breakdown
of tau aggregates, thereby supporting the balance of tau metabolism
within cells. Through the innovative application of nanotechnology, the
nanomaterials overcome the shortcoming of conventional blockers that
cannot cross the BBB. Furthermore, they are meticulously
surface-engineered with a variety of ligands capable of selectively
binding to the targeted sites. This strategic enhancement significantly
boosts the efficiency of drug delivery to the brain, effectively halting the
progression of tau aggregates. The hydrophobic nature of PCL allows the
nanocontainer to self-assemble into a stable structure in aqueous envi-
ronments, while the PEG layer aids in maintaining micelle integrity and
preventing non-specific interactions with cellular components. Howev-
er, when utilizing PCL, which is a hydrophobic material, certain factors
related to performance and safety must also be considered. Hydropho-
bicity affects the solubility of nanomaterials in water, leading to pre-
cipitation, which can reduce delivery efficiency and therapeutic
efficacy. It also influences the penetration of the BBB and uptake by
brain cells, potentially causing toxic effects on brain tissue. Overall, this
innovative nanoscale approach holds significant potential as a

Growth i Apoptosis ‘\;,%J"\j< %
/}S-ES:A - X -

Fibrils

Prevent the growth of
PHF6 aggregates

v\J<
Protect —~ = ' L
_neuron_ : ~~
J; = ’ ’\ a
(

MSPM-PHF6

Neuron

complexes

Fig. 5. By capturing the PHF6 species, the MSPM inhibits PHF6 aggregation and mitigates PHF6-mediated cytotoxicity, thus protecting neurons against

apoptosis [71].



R. Ma et al.

Materials Today Bio 27 (2024) 101145

» “ - "
~ v / 2 N \
2 ARESAE
Tau Monomers “ | High Binding/
7/
,7 N Affinity 7
(1) Inhibit the ’ S
Growth of Tau / e
Aggregates ne =
Nucleation =2 2
(2) Block Tau o //
Capture Tau
PR Aggregates Seeding = {
(3) Reduce Neuron
b

1]

- -
-

Nanoinhibitor

-

Nucleus(Oligomers)

Growth Seeding Cellular

Tau Species

Neurofibrillary

Tangles Neuron

Transmission
R} : —-

Death f' q /¥‘

A

R/
N

Apoptosis \}‘,ﬂ“ /

Fig. 6. Illustration of the Regulation Mechanism of the Nano inhibitor on Tau Protein. Nano inhibitors significantly reduce tau-mediated cytotoxicity by effectively
inhibiting tau protein aggregation, recognizing tau aggregates, and blocking their inoculation in nerve cells through multivalent binding to aggregators. Moreover,

the tau complex formed after binding is more easily degraded [74].

therapeutic avenue for Alzheimer’s disease.

Microtubules are vital cytoskeleton components and perform
numerous important biological functions within cells. In neurons, their
role is particularly crucial, as they are involved in the growth of axons,
the branching of dendrites, and the release of neurotransmitters [24].
Abnormal aggregation of microtubule proteins and microtubule frag-
mentation contribute to the pathological processes seen in AD. There-
fore, targeting microtubule stability for treatment holds significant
value in AD therapy. The laboratory setting has demonstrated that
paclitaxel is capable of inducing microtubule assembly. This compound
achieves its effect by binding to the taxane binding site within the
microtubule lumen, which is close to the tau protein, displacing the tau
protein from the microtubules. Paclitaxel represents the first tested
microtubule stabilizer in animal models of neurodegenerative tauo-
pathies. It is believed that the interaction between paclitaxel and the
taxane site on p-tubulin promotes microtubule stability by inducing
conformational changes in the p-tubulin M-loop, leading to stronger
lateral interactions between neighboring protofilaments [75]. Many
studies have already explored using paclitaxel combined with other
materials to assemble into nanodrugs, thereby enhancing drug delivery
efficiency and reducing toxicity [76]. Consequently, using nanocarriers
to deliver paclitaxel will have great potential for future clinical
applications.

4.4. Nanotechnology in clearing pathological tau

Pathological tau is a key neurotoxic factor in AD, which leads to the
progressive cognitive decline and neurodegeneration observed in pa-
tients. Tau protein is typically found in the brain where it plays a crucial

role in stabilizing microtubules, essential for preserving the structure
and function of neurons. However, in AD, tau protein becomes hyper-
phosphorylated and forms insoluble aggregates, known as neurofibril-
lary tangles, which disrupt microtubule function and lead to neuronal
dysfunction and death. Therefore, clearing pathological tau is a critical
objective in treating AD. By removing these aggregates, it may be
possible to restore the stability and function of microtubules, which
could potentially reverse the cognitive and neurodegenerative symp-
toms of the disease. Strategies are currently being explored to achieve
this goal, including using tau-specific immunotherapy, inhibiting tau
phosphorylation, and enhancing tau clearance by autophagy or other
cellular degradation pathways.

Researchers have developed a complex oral nanoparticle for the
multi-target treatment of AD based on the characteristics of natural
physiological barriers. Initially, the study selected PLGA-PEG as the
nanocarrier scaffold due to its good stability and safety. PLGA-PEG is a
hydrophilic polymer due to the presence of poly (ethylene glycol) (PEG)
segments. This hydrophilic nature allows PLGA-PEG to dissolve in
aqueous environments, which is essential for drug delivery systems that
need to traverse through mucus, a gel-like substance that covers the
mucosal surfaces in the body. The ability of PLGA-PEG to interact with
water helps it to dissolve and mix with the mucus, facilitating its
penetration. The negative charge of PLGA-PEG can lead to electrostatic
repulsion with the mucus, which actually facilitates penetration. This is
because the repulsive force between like charges can create gaps or
pores in the mucus barrier, making it easier for PLGA-PEG to pass
through the mucin barrier. The study leveraged the shared character-
istics of intestinal epithelial cells and brain endothelial cells to target
glucose transporter 1 (GLUT1) receptors, which are highly expressed in
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both cell types. By grafting a-mannopyranoside to the PEG terminal, the
nanoparticles were able to co-target the intestinal epithelial barrier
(IEB) and BBB. To enhance the nanoparticles’ ability to traverse the BBB,
a blood sugar control strategy was utilized to relocate GLUT1 from the
luminal to the apical plasma membrane, facilitating the penetration of
mannose-modified nanoparticles through the BBB and their accumula-
tion in the brain. Subsequently, the encapsulated fingolimod (FTY) was
released within neurons to modulate the aberrant activation of microglia
and astrocytes: (1) Microglia transitioned from the pro-inflammatory
M1 phenotype to the anti-inflammatory M2 phenotype, restoring their
ability to phagocytize toxic substances like Ap and Tau while decreasing
the release of inflammatory mediators. (2) Normalization of overactive
astrocytes resulted in reduced secretion of pro-inflammatory factors and
increased release of anti-inflammatory and neuroprotective factors, as
illustrated in Fig. 7. By concurrently diminishing elevated inflammation
levels and alleviating oxidative stress, the study effectively reshaped the
abnormal lesion microenvironment [77].

Autophagy, a crucial cellular degradation system responsible for

Materials Today Bio 27 (2024) 101145

clearing damaged intracellular components, plays a vital role in main-
taining cellular homeostasis. Dysregulated autophagy has been impli-
cated in the accumulation of hyperphosphorylated and aggregated tau
proteins observed in the progression of AD [78].Modulating the auto-
phagy process can aid in the clearance of pathological tau aggregates. In
a recent study, researchers developed a tau protein-targeting nano-
particle assembly (TNH) by combining cellulose nanocrystals (CNPs), an
anti-tau antibody (AT8), and magnetic mesoporous silica nanoparticles
(M-MSN). CNPs induce autophagy, while the surface modification of
M-MSN enhances autophagic flux by promoting good dispersibility [79].
ATS8 specifically binds to the phosphorylation sites (Ser202/Thr205) in
pathological tau [80], and as a targeting ligand coupled to the nano-
particle assembly, it confers tau affinity and promotes retention in tau
disease-related cells [81]. Additionally, iron oxide nanoparticles
encapsulated within the core of mesoporous silica nanoparticles enable
monitoring of drug delivery and treatment efficacy through their mag-
netic resonance imaging (MRI) properties [82]. TNH selectively accu-
mulates in the hippocampi affected by tau protein pathology, where it

Mesenteric Vein
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Fig. 7. Illustrates a schematic diagram depicting how nanoparticles achieve brain targeting through oral administration. The released FTY within the mannose-
modified nanoparticles regulates the polarization of microglia from the pro-inflammatory M1 state to the anti-inflammatory M2 state and normalizes the activa-
tion of astrocytes. This process enhances the clearance of toxic protein Af, reduces oxidative stress, and mitigates neuroinflammation [77].
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activates autophagy by inhibiting the mammalian target of rapamycin
(mTOR) and promoting the activation of transcription factor EB (TFEB)
[83]. This targeted approach enhances autophagic flux, leading to the
detoxification of pathological tau, preservation of neuronal viability,
and attenuation of cognitive decline in Alzheimer’s disease.

Overall, nanotechnology plays a crucial role in developing these
treatment strategies. Drug delivery systems based on nanoparticles can
enhance the delivery of tau-targeting drugs to the brain, improve their
efficacy, and reduce side effects. Clearing pathological tau represents a
promising new approach to treating Alzheimer’s disease, with the po-
tential to decelerate or halt disease progression and enhance the quality
of life for individuals affected by the condition.

As explored, nanomaterials are increasingly recognized as promising
strategies to tackle current obstacles in targeted drug delivery and sur-
mounting barriers for drug passage across the BBB in the treatment of
neurodegenerative disorders. Nanotechnology offers several advantages
in improving the pathological mechanisms of AD. The BBB, which acts
as a protective and dynamic interface, can hinder drug transport into the
CNS [84]. However, NPs, with their high surface-to-volume ratio and
long circulation times, can overcome these barriers and deliver drugs
specifically to the target site, reducing side effects and increasing
treatment effectiveness. They can achieve this through cellular absorp-
tion, modification with targeting groups, and transcellular lipophilic
pathways [85]. Furthermore, nanotechnology has advantages in drug
delivery and improved imaging and disease diagnosis. NPs can be in-
tegrated with specific biomarkers to detect certain histological pheno-
types via ultrasound and measure biomarkers. Nanotechnology also
serves as a highly sensitive disease detector for early diagnostic pur-
poses, given its stability, reliability, and performance in medical
imaging-based detection [86].

However, due to their special physical and chemical properties,
nanoparticles can more easily cross the BBB than larger molecular drugs,
which raises concerns about their potential toxicity. While NPs offer
various advantages, their constituents, such as nucleic acids, antibody
fragments, peptides, and proteins, can trigger immunotoxic responses
[871]. Clinical experiments can identify acute nanoparticle toxicity, yet it
is essential to consider the potential chronic toxicity from prolonged
exposure and accumulation. Currently, there is a lack of experimental
studies on living organisms to assess chronic toxicity and adverse effects
of nanoparticles [88]. Additionally, the consumption of high quantities
of nanocarriers containing surfactants and cosurfactants due to low
encapsulation efficacy may lead to severe adverse effects. Some nano-
particles may not be efficiently eliminated by clearance systems,
resulting in brain accumulation and cytotoxicity. Prolonged nano-
particle accumulation in the brain can cause injuries [89]. The pro-
duction of nanoparticles is a complex and costly process requiring
specific ingredients, instruments, and optimal conditions, especially for
multifunctional nanoparticles with preventive and therapeutic roles.
Therefore, further experimental studies are crucial to reduce the clinical
application costs of nanotechnology in medical care. Clear guidelines
and regulations are essential to ensure the safe and ethical development
and utilization of these technologies.

5. Conclusion and future perspectives

Nanotechnology has the potential to revolutionize AD research and
treatment by providing new solutions for diagnosis, treatment, and
prevention of this debilitating disease. Nanosensors can detect AD bio-
markers with high sensitivity and specificity in biological samples,
enabling early detection and intervention. NPs can be used for targeted
drug delivery to the brain, overcoming the challenges posed by the BBB.
They can exploit endogenous transport mechanisms or actively target
specific cell types in the brain, resulting in more precise drug delivery,
reduced systemic toxicity, and enhanced therapeutic efficacy. Addi-
tionally, nanotechnology can prevent AD by delivering neuroprotective
agents to the brain, scavenging ROS, and modulating pathological
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processes associated with AD.

However, the transition of nanotechnology into clinical applications
for the diagnosis and treatment of AD hinges on the paramount impor-
tance of biocompatibility. Primarily, the efficacy of nanomaterials is
paramount, as their size and shape significantly influence their distri-
bution and bioavailability within the body. Nanomaterials with exces-
sive size may struggle to penetrate the blood-brain barrier, whereas
those with specific shapes may exhibit enhanced targeting capabilities
for particular cell types. Stability is another critical requirement, as
nanomaterials must maintain their integrity to prevent the premature
release or degradation of active ingredients during storage and use.
Additionally, the controlled release of therapeutic agents is essential for
achieving sustained therapeutic outcomes.

Safety is a critical factor and a significant challenge currently faced
by the application of nanotechnology in AD. The application of nano-
technology requires that the nanomaterials and their degradation
products be non-toxic and well-tolerated by human tissues, without
triggering inflammatory responses or immune system dysregulation.
The potential for DNA damage or mutations must be minimized,
particularly the toxicity to neurons and other brain tissues, as AD pri-
marily affects these areas. A thorough understanding of the metabolic
pathways of nanomaterials is essential to ensure that their degradation
rates are consistent with those of biological tissues, to avoid any long-
term toxicity.

The synthesis of nanomaterials is a complex and costly process,
requiring specific ingredients, equipment, and optimal conditions,
especially for multifunctional nanomaterials intended for preventive
and therapeutic purposes. Therefore, further experimental research is
necessary to reduce the clinical application costs of nanotechnology in
patient healthcare. Clear guidelines and regulations are also needed to
ensure the safe and responsible development and use of these
technologies.

Moreover, ethical implications must be carefully considered when
deploying nanotechnology in human subjects. By taking these factors
into comprehensive account, we can ensure that the application of
nanomaterials in AD treatment is not only safe but also highly effective.

In the summery, the future of nanotechnology in AD research ap-
pears promising, with several potential directions for further exploration
and development. One of the future perspectives of nanotechnology in
AD research is the identification of novel drug targets for more effective
treatment. Current therapeutic approaches primarily target Ap plaques
and tau protein tangles, which are hallmark pathological features of AD.
However, recent research suggests that several other potential targets
could be explored. Another exciting future perspective is the develop-
ment of nanomedicines with multiple therapeutic functions to treat
different aspects of AD simultaneously. AD is a complex disease with
multiple pathological processes, including neuroinflammation, oxida-
tive stress, protein aggregation, and synaptic dysfunction. Nanotech-
nology offers the possibility of designing multifunctional NPs that can
target multiple pathological processes simultaneously. These NPs can
carry different therapeutic agents, such as antioxidants, anti-
inflammatory drugs, and agents that modulate protein aggregation, to
provide a comprehensive and synergistic approach to AD treatment. By
combining different therapeutic functions into a single nanomedicine,
researchers can enhance treatment efficacy and reduce the need for
multiple drug administrations. Integrating nanotechnology with other
emerging technologies is another promising future perspective in AD
research. Nanotechnology can complement and synergize with other
fields, such as artificial intelligence (AI), genomics, and stem cell
research, to advance our understanding of AD and develop personalized
treatment strategies. For example, nanosensors combined with Al al-
gorithms can enable real-time monitoring of AD biomarkers, providing
valuable insights into disease progression and response to treatment.
Furthermore, integrating nanotechnology with genomics can facilitate
the development of personalized nanomedicines tailored to an in-
dividual’s genetic profile. Additionally, nanotechnology can enhance
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the delivery and differentiation of stem cells for regenerative therapies
in AD. By integrating nanotechnology with other emerging technologies,
researchers can unlock new possibilities for precision medicine and
personalized treatments in AD. These future perspectives can revolu-
tionize our understanding of AD and pave the way for more effective
diagnostic tools, targeted drug delivery systems, and neuroprotective
strategies. With continued research and collaboration, the full potential
of nanotechnology in the fight against AD can be realized, bringing us
closer to improved patient outcomes and, ultimately, a cure for this
devastating neurodegenerative disorder.
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